SUMMARY This retrospective cephalometric study examined the facial changes brought about by treatment in 62 Class II division 1 children, using tensor analysis. Thirty-two children were treated with Frankel appliances, whilst the remaining 30 received premolar extractions, headgear, and conventional Edgewise mechanics. Each child was matched for age and sex with an untreated individual in whom the occlusion was deemed satisfactory and the treatment changes were compared with those expected during normal development.
Introduction
Functional appliance systems are now in routine use for the correction of dentofacially handicapping Class II division 1 malocclusions (Bass, 1983; McNamara et al, 1985; Clark, 1988; Isaacson et al, 1990; Orton, 1990; Pancherz and Fackel, 1990; Mills, 1991) . Since the majority of these children present with mandibular retrusion (Moyers et al, 1980) , the aim of appliance therapy is normally to enhance mandibular development with appropriate control of the growth of the maxilla. Despite clinically satisfactory aesthetic and functional results, proof of statistically significant changes in the maxillo-mandibular relationships is meagre (McNamara et al, 1985; Battagel, 1989; Jakobsson and Paulin, 1990) .
Correction of the malocclusion relies on the sum of several, small, but additive dental, alveolar, and skeletal changes, and because treatment takes place over a relatively short time and measurement of the radiograph is an inherently inaccurate procedure (Johnston, 1968; Baumrind and Frantz, 1971a,b; Gravely and Murray Benzies, 1974) , many of these effects may be obscured by the recording techniques.
Additionally, changes may be masked by inappropriate measurement routines. Traditional cephalometric analyses were developed to demonstrate the constancy of facial growth, rather than to highlight treatment effects. When the outcome of treatment is to be analysed, the results of these methods are unrewarding Bookstein, 1983a) . Since normal development proceeds downwards and forwards along the growth axis, changes in angular measurements recorded close to or along this line will be obscured and small treatment changes in growth direction are unlikely to be detected. Thus, the angle SNB is an insensitive and relatively inaccurate measurement of alterations in the path of mandibular growth (Baumrind and Frantz, 1971a) .
Linear measurements of jaw length from condylion to pogonion are equally unsatisfactory, since they do not encompass direction either (McNamara, 1984) .
The inappropriateness of conventional measurement systems was first discussed by . These authors contended that to measure changes in shape and size effectively, a co-ordinate-free strategy should be used, free from the constraints of any fixed measuring points or planes of superimposition. Based on Thompson's (1942) hypothesis that changes in shape could be an object of mathematical measurement in their own right, Bookstein developed his system of tensor analysis (Bookstein, 1981 (Bookstein, , 1982 (Bookstein, , 1983a . Although this philosophy was described in detail (Bookstein, 1981) , the technique has not found widespread application in the orthodontic literature (McNamara et al, 1985; Bookstein, 1982 Bookstein, , 1983a Jarvinen, 1986; Kerr and Ten Have, 1988) . The difficulties in interpreting the results and in duplicating the geometrical constructions may contribute to this.
However, those clinical examples which have investigated Class II treatments, demonstrated variations in maxillo-mandibular response dependent on the therapeutic regime chosen (Bookstein, 1983b; McNamara et al, 1985) . The points chosen by these authors was restricted, with the behaviour of the mandible receiving only limited attention.
The aim of this paper, therefore, was to examine the changes which occurred during treatment, in the inter-arch relationships of two groups of children with severe Class II division 1 malocclusions. These changes were then compared with those found in comparable age-and sex-matched controls.
Subjects
The material for this retrospective study comprised pairs of lateral cephalometric radiographs for both treated and control children. In the treated groups, records of consecutively completed patients were examined and patient selection was based on the availability of adequate radiographic records at the beginning and end of active treatment. In particular, all children had to exhibit a relaxed position of the lips, whilst the teeth were in light occlusion. All individuals were Caucasians.
The treated groups encompassed 62 children with severe Class II division 1 incisor relationships and a mean starting overjet in excess of lcm. Thirty-two patients (16 male and 16 female) were treated non-extraction using Frankel FRI or FRII appliances. The remaining 30 children (13 males and 17 females) had been treated several years earlier when the extraction of upper first premolars, extra-oral traction, and Edgewise mechanics was the accepted treatment approach. Thus, the treatment aim for the two groups was to reduce the overjet but in the Edgewise, extraction group, no consideration had been given to ultimate facial aesthetics.
Records for the control group were selected from radiographs available from two growth studies carried out on children with clinically acceptable occlusions: those of Kings College and the Eastman Dental hospitals. Each radiograph in the study group was matched for age and sex with the film of an untreated child. Because control group radiographs were taken at annual intervals, it was necessary to use serial films to achieve an acceptable match. The ages of the children at each stage and in each group are presented in Table 1 . 
Methods

Cephalometry
Lateral cephalometric radiographs were orientated to a horizontal 7 degrees below the sellanasion line (Burstone et al, 1978) traced, and 23 hard and soft tissue points, identified and digitized to an accuracy of 0.2 mm. These are shown in Fig. 1 and conformed to British Standards definitions (1983) except where indicated on the accompanying legend. Twelve of these points were subsequently submitted to tensor analysis. Duplicate recordings were made and an average of the two measurements used in subsequent analyses. The matrix of points was automatically reorientated to the surrogate horizontal. To allow for differences in magnification of the various radiographs, all measurements were reduced to life size.
Random method error was assessed by duplicate determination of 20 control films using Dahlberg's (1940) method and Houston's (1983) coefficient of reliability. Systematic error was examined as suggested by Houston (1983) . These analyses were carried out for both the x and y co-ordinates of each point. Dahlberg errors ranged from 0.4 mm (nasal tip) to 1.4 mm (PNS) in the horizontal direction, and 0.1 mm (nasion) to 1.6 mm (soft tissue pogonion and PM point) in the vertical dimension. Houston's coefficient of reliability ranged from 81.1 per cent (PNS) to 99.5 per cent (soft tissue pogonion) in x and from 90.2 per cent (nasion) to 99.5 per cent (sella and upper incisor tip) in y. No systematic errors were detected.
Data evaluation and tensor analysis
Using the raw, re-orientated data, an average position for each point was determined for both treated and control groups at each timepoint. These data, using 12 of the landmarks (those marked with an asterisk * in the legend of Fig. 1 ) formed the basis of the tensor analysis, calculated as described by Bookstein (1982) . Sixteen pairs of triangles were examined (Tables 2-5).
The concept of tensor analysis permits the measurement of changes in form, that is, in size and shape, without actually measuring either and is independent of the constraints of any reference framework. The arrangement of three cephalometric points in any subject may be considered as the three points of a triangle. After a period of treatment or growth, the relationship between the points is likely to be different and the shape of the triangle altered.
A circle may be drawn within the first triangle, such that it contacts all three sides. If the relative positions of these contact points is maintained, deformation of the first triangle into the second would transform the circle into an ellipse. Thus, the circle would be effectively stretched along one axis and the direction of this distortion may be calculated. The longest and shortest diameters of the ellipse are known as its principal axes and these lengths can be measured. The greater the discrepancy between them, the larger the difference in shape. Bookstein suggested that the change in shape be expressed as the larger axis measurement divided by the smaller. Changes in size were described as the product of the two lengths. Since the actual figures were small, all changes were expressed as percentages.
The following calculations were made for each triangle:
1. The direction of change in degrees: that is, the angle through which the circle (representing the younger or untreated children) is deformed as it passes into an ellipse (representing the older control or treated group).
Change is expressed in a downward and forward direction, with zero degrees representing the horizontal and 90 degrees a purely vertical direction of change. 2. The amount of change in each axis of the ellipse. This is given as a proportion of the original value and may be greater or less than unity. 3. The differences in both size and shape between the younger and older age groups, derived from the lengths of the axes as described above.
Hotelling's T 2 test (Bookstein, 1984) was applied to calculate the statistical significance of the changes brought about by treatment for the treated children and of the changes over the same period in the control groups.
Results
The differences in form are given in Tables 2-5 and illustrated in Figs 2-9. Table 2 describes the changes for the 16 maxillary, mandibular, dental, and soft tissue triangles for those children who wore FrSnkel appliances, whilst data for the Edgewise group are given in Table 3 . Comparable figures for the control groups are listed in Tables 4 and 5 .
In each table, column 1 describes the angulation of the axis of the ellipse in degrees, in a downward and forward direction. Zero degrees would denote purely horizontal change whereas 90 degrees would represent change at right angles to this: thus, the larger the angle, the more vertical is the major axis of the ellipse. Column 2 denotes relative expansion in the direction of the upper right quadrant, whilst column 3 refers to the distortion in a direction at right angles to this. The change in shape of the area is given in column 4 and that in size in column 5. Column 6 records the statistical significance of any changes in triangle form over time.
Changes in triangle geometry
A selection of the changes described in Tables  2-5 is depicted graphically in Figs 2-9. In each figure the top left diagram depicts alterations in the FrSnkel appliance group, the top right diagram shows the therapeutic effect in the Edgewise group, whilst the lower figures show changes in the comparable control groups. Those relating to the functional appliance children are illustrated on the left and those for the fixed appliance children are on the right. Differences between treatments are described for each hard and soft tissue area, and compared with those occurring in the control groups. For dental and soft tissue triangles involving the upper arch changes are disproportionately large, since therapy evoked marked differences in upper incisor position, whereas in the control groups no such alteration occurred.
Significance of these changes
For the treated patients most triangles examined showed statistically significant differences after therapy (Tables 2 and 3 , column 6). This is in contrast with the control groups in whom few differences were seen (Tables 4 and 5 , column 6). No triangles demonstrated statistically significant differences in the Edgewise control group. In the Frankel control group two triangles exhibited significance at the 0.05 level and both were related to the mandible.
The maxilla
Following functional appliance therapy point A developed downwards and forwards along a line parallel to N-point A (Fig. 2) . The overall shape of the triangle altered very little, suggesting minimal positional alteration with respect to the cranium. By contrast, point A in the fixed appliance group has moved significantly downwards and backwards with an increased vertical displacement.
In the control groups there is little alteration in triangle shape and changes in size are smaller than in the treated children.
Mandibular position
For the triangle S-N-point B the mandible in the fixed appliance group behaved in the same Table 2 Tensor analysis comparing changes due to treatment in Frankel appliance group (n = 32). way as the comparable controls (Fig. 3) . In the functional appliance group this triangle exhibited more alteration in both size and shape compared with either the controls or the Edgewise-treated children. Despite a predominance of vertical development, the overall direction of growth remained more horizontally orientated than in the fixed appliance children. Thus, in the Frankel group mandibular growth was proceeding at an increased rate although its direction was not especially favourable. The same trend was seen for menton except that this point showed more vertical development in both treated groups. Instead of paralleling the S-M line the growth vector was directed downwards and backwards.
Relating the mandible to a single cranial base point (Fig. 4) , the downward and forward changes in the Frankel group were emphasized and for point B the forward component exceeded that of the controls. In the Edgewise children, however, the predominant expansion was directed downwards and backwards. When the significance of the mandibular changes was explored, point B demonstrated significant alterations in both treatment groups, but for the Edgewise children, this was only apparent when a single cranial reference point was employed. 
Mandibular size
For the triangle gonion-menton-point B (Fig. 5) , the fixed appliance group differed little from the controls. The functional appliance group, however, showed much more anteriorly directed development, confirming enhanced anterior growth of point B in comparison with the other three groups. Despite this, the small, significant change in overall triangle configuration over time seen in the functional controls was not manifest in the Frankel treatment group. However, since this was primarily vertically directed, it would not equate with any antero-posterior skeletal improvement in the control subjects. It should be noted that the smaller size of these triangles tends to exaggerate small skeletal changes, compared with those occurring in triangles spanning a larger area.
Inter-maxillary relationships
Because of the horizontal proximity of its points the triangle ANB is too small, especially in the control groups, to make any useful compar- forwards. This explains why the deformation in the fixed appliance group is so anteriorly directed. This trend is seen whether the basal points are related to sella (Fig. 6) or to gonion. In relation to sella, the change in skeletal interrelationship in the functional appliance group would appear to be poorer than that associated with normal growth. However, this could be explained by the extensive vertical component of this development. Relating A and B points to gonion, similar changes were apparent: the functional appliance group showed much more variation in triangle size and shape than any of the other groups. Thus, there was more forward development of point B than of gonion and this exceeded normal expectations. The dentition For the upper incisors, the therapeutic reduction in overjet was indicated by the downward and backward direction of change for the incisal tip. This movement was less marked in the Frankel group and the incisor was placed further forwards within the face (Fig. 7) . All changes were statistically significant.
In the lower arch the incisor position reflected the greater vertical mandibular development: triangle size differences were larger in the treated groups than in the controls. The incisors were more anteriorly positioned in relation to nasion in the treated groups and this was more marked in the Frankel children. Again, all changes showed a high degree of significance due to the alterations in vertical facial height.
Soft tissues
The triangles relating the lips to Nasion (N-Ls-Li, Fig. 8 ) did not appear to show retraction of the upper Up following overjet reduction. However, if this were matched by an increased prominence of the lower lip, now able to function labial to the upper incisors, this is the pattern which would emerge. The overall change was not dissimilar to that of the control groups, apart from the larger vertical distortion occasioned by greater vertical facial growth. relation to the lower than normal: since the incisor relationships were correct in all cases, this could suggest that the upper lip was thicker (or the lower lip thinner) in Class II children.
Comparison of the treated and control soft tissue profiles indicated that the fixed appliance children would show relatively more prominent noses than any other group (triangle N-nose tip-soft tissue pogonion), and that the incisors would be relatively more retruded (triangle nose tip-J_/l_ tip-soft tissue pogonion, Fig. 9 ). This is a combination of the reduced mandibular and increased nasal development in this group.
Discussion
Validity of the control groups
The control groups used in this study were not ideal. Although matched closely for age and sex with the treated children, they did not exhibit Class II malocclusions and their records were not longitudinal. To find untreated Class II controls with overjets in excess of a centimetre is difficult and groups for which details have been given generally show milder malocclusions (Carter, 1987) .
There is evidence that mandibular growth may differ from normal in Class II children in amount and possibly also in direction (Pancherz, 1982; Buschang et al, 1986 Buschang et al, , 1988 . However, this disparity in growth is not universally accepted (Caldwell et al, 1984; de Vincenzo et al, 1987) . The problem is further confused by the frequent disregard of sexual dimorphism, despite ample evidence that this is important (Hunter, 1966; Lewis et al, 1982; Buschang et al, 1983 Buschang et al, , 1988 .
The validity of the cross sectional control data was checked by comparing the changes illustrated here with those occurring in purely longitudinal data for both males and females. The changes showed good agreement.
The effect of functional appliances on the mandible
The behaviour of point B. The results of this study appear to indicate that functional appliance treatment has a beneficial effect upon mandibular growth, whereas fixed appliance therapy does not. In both approaches there is an increase in lower facial height, but whilst this is greater in the Frankel group, these children also exhibit more anteriorly directed mandibular growth at point B than would be expected. This is in agreement with the activator study of Jacobsson and Paulin (1990) , but in direct contrast to the work of Ball and Hunt (1991) . These authors, whilst endorsing the increase in lower facial height, found that both Andresen and Harvold activators inhibited forward mandibular growth rotation, a trend which was also reported by Remmer et al (1985) .
Whilst some studies (McNamara et al, 1985; Remmer et al, 1985; de Vincenzo, 1987; Battagel, 1989; Jacobsson and Paulin, 1990; Petrovic et al, 1990) indicate that growth of the mandible in children can be altered, others show no statistical differences (Creekmore and Radney, 1983; Gianelli et al, 1983; Nielsen, 1984; Pancherz, 1984; Pancherz and Fackel, 1990) . Since the investigations cited survey different age groups, examine mixed or single sex samples, and assess different appliances worn for a variable number of hours per day, some discrepancies would be expected. Individuals also vary in their genetic make-up: even if mandibular growth direction can be altered, the net response in forward rotating individuals will be more favourable than in vertical developers. The amount of basic mandibular growth is also considered important in maximising the effective response Malmgren et al, 1987) together with the level of tissue growth potential and responsiveness (Petrovic et al, 1990) .
Vertical development. If the anterior component of growth remains contentious, more general agreement seems to exist with regard to the vertical increment of facial development (Bookstein, 1983b; Creekmore and Radney, 1983; Nielsen, 1984; McNamara et al, 1985; Buschang et al, 1988; Jacobsson and Paulin, 1990; Ball and Hunt, 1991) . Thus, it would seem appropriate to pay more attention to this aspect in the design and prescription of functional appliances. As both McNamara et al. (1985) and Buschang et al. (1988) have pointed out, any increase in mandibular length is only effective if the overall direction of growth is horizontal. Since, in normal development, the vertical component predominates (Buschang et al, 1988) , an alteration in mandibular rotation, as reported here, would appear to be essential. However, it should be remembered that statistically significant mandibular changes are not synonymous with clinically significant skeletal alterations (Riolo et al, 1990) .
Changes in mandibular length. The concept of change in mandibular length deserves further consideration. The triangle gonion-mentonpoint B was one of the few areas examined which did not show significant alterations in form in the Frankel appliance group. This is in contrast to the Frankel control group, in whom small differences were seen. Thus, the present study indicates that mandibular body length remains unaltered: only jaw position is improved.
All triangles in the Frankel control group in which significant alterations in form occurred included gonion and menton, indicating changes in mandibular form as a normal developmental process. In the treated group, some of these triangles showed more and some less alteration in form. Triangles relating the mandible to remote structures showed more change, whereas the intramandibular triangles exhibited less. The former would seem to be a reflection of the increase in vertical facial development whilst the latter re-inforces the absence of any increase in mandibular body length.
The behaviour of menton. Not surprisingly, the greatest vertical changes in the treated Frankel patients, were demonstrated at menton. The direction of growth, instead of paralleling the sella-menton line, was more vertical than normal (Bookstein, 1981) . This outcome, however, seemed to compare favourably with that presented by Bookstein (1981) .
The effects of fixed appliance therapy
In these children there was no improvement in mandibular position. Effectively, this worsened, due to the vertical component of growth. The maxilla and upper face were retracted and vertical facial growth predominated. All these phenomena are in agreement with the results of other studies (Melsen, 1978; Bookstein, 1983b; Remmer et al, 1985; Battagel, 1989; Ball and Hunt, 1991) .
Conclusions
1. Both fixed and functional appliance treatment of Class II division 1 malocclusions are accompanied by exaggerated vertical facial growth. 2. This is greater in children treated with Frankel appliances and is almost entirely confined to the mandible. 3. Despite this vertical component, Frankel appliances permit more antero-posterior development of the lower jaw than would be expected due to growth alone. 4. Thus, the Frankel appliance seems to influence the amount and direction of mandibular growth, but has no effect on body length. 5. Better control of these growth vectors would enhance treatment success. 6. Facial balance is better following a nonextraction, Frankel approach than after Edgewise, extraction therapy. 7. The maxillary retraction associated with the Edgewise approach contributes to the poorer aesthetic result. 8. Tensor analysis highlights the vertical changes not easily detected by conventional cephalometric investigations.
